Objective: Statistical methods can be utilized to optimize the order for reflex diagnostic testing to attenuate patient and hospital costs without affecting quality of care. Our objective is to demonstrate the method of developing an order for testing and to apply this method to an illustrative example.
The rising cost of healthcare significantly impacts individuals, health care institutions, and the economy as a whole. 1 Some have cautioned that for the system to survive, we must "cut wasteful expenditures," citing overtreatment as 1 of 6 major causes of waste in health care. 2 Additional examples of waste include failures of care delivery, failures of care coordination, administrative complexity, pricing failures, and fraud and abuse.
Overtreatment can be viewed as any treatment that, according to current scientific evidence and taking into consideration an individual's preferences, does not ultimately benefit the patient. 2 A survey of 2556 physicians found that 79% preferred to follow guidelines that deter marginally beneficial, but more expensive, care, while 89% agreed that physicians need to more actively limit unnecessary testing. 3 Thus, with the goal of providing quality health care while limiting costs with limited or no benefit, health care providers should carefully consider choices in the clinical care they provide.
Selective diagnostic testing, if thoughtfully applied, could result in significant reduction in health care costs without limiting a physician's ability to provide high quality care. 4 Health care providers should be discouraged from indiscriminately requesting diagnostic tests, which are redundant or which have a low probability of providing meaningful results. 5, 6 The practice of "shotgun" testing, whereby physicians order numerous tests for all patients who present with a similar combination of symptoms as a means of determining a diagnosis, is wasteful and often facilitated by the use of electronic order sets. This practice also unnecessarily imposes on the physician's time by requiring him or her to search through a large volume of low-value test results to find the few that will help in clinical decision making. A more efficient approach would be one based on an individual patient's clinical findings and knowledge of the probability that a test or series of tests can provide a helpful answer. 7 In this regard, it is helpful to consider the value of a specific diagnostic test, the results of which are sometimes dependent on the information obtained from prior tests. To assist the clinician in this process, value can be determined statistically. 8 The primary objectives of this study are to demonstrate a probabilistic method of deriving a cost-savings order of administering laboratory tests and to apply that methodology to an illustrative example.
Materials and Methods

Statistical Methodology
Consider the general scenario of having N tests-X 1 , X 2 , …,
X N -which all purport to diagnose the same disease.
These N tests can be administered in any of N! orders or hypothetical testing scenarios. For the scenario of administering all N tests to all patients, or "scenario 0," the average cost per patient is clearly the sum of the costs of each test:
$ where $X j is the cost for the j th test.
Next, assume that, if any of these tests are positive (eg, X 1 + , X 2 + , …, X N + ), the patient has the disease (ie, there are no false positives). Thus, once a test is positive, further testing the patient has no purpose. Hence, suppose that the tests are ordered sequentially (ie, first X 1 , then X 2 , …, lastly X N ), depending on the results of the prior test. The average cost of the first test (X 1 ) will clearly be $X 1 because every patient will receive the test, and there are no cost savings as compared to scenario 0. The second test (X 2 ) will only be administered to the proportion of patients who tested negative for X 1 (ie, P X ( ) 1 -), so the average additional cost for X 2 will be the cost of the second test multiplied by the probability that the patient tested negative on
For subsequent tests (eg, X j , where j ≥3), we must compute the proportion of patients who tested negative on the immediately preceding test (X j-1 ), given that these patients had already tested negative on all prior tests (X 1 , X 2 , …, X j-2 ). If these tests were independent, these proportions would reduce to marginal probabilities ( P X ( )
However, because the results of laboratory tests that purport to measure the same disease are correlated, these tests are not independent and conditional probabilities must be used for these proportions. The proportion of patients who meet these criteria for test X j can be computed with the conditional probability formula below:
Extending this reasoning to all N tests, and adding the costs for tests X 1 and X 2 , the total cost for any given order of N tests is the following:
The cost savings, as compared to administering every test to every patient, for any given order of tests will be the cost of scenario 0 minus the cost of the given order (see online Appendix A):
To identify the most cost-efficient order of N tests, the total costs should be computed for each of the N! permutations.
To select the first test, neither highest sensitivity nor lowest cost is sufficient, and to order subsequent tests, one must know how each test performs given the results of prior tests (ie, conditional probabilities).
Example
Using the above method, we examined the utility of reflex testing in determining the method for optimal cost savings for the diagnosis of autoimmune diabetes in our pediatric inpatient population. The medical records of 348 children and adolescents (<18 years of age) hospitalized at our institution between January 2010 and June 2012 for treatment of new-onset diabetes mellitus were examined in the study. To help differentiate those with type 1 (T1D) vs type 2 (T2D) diabetes, 2 diabetes-related antibodies were tested in each patient: islet cell (ICA) and glutamic acid decarboxylase (GAD). In clinical practice, it is generally accepted that a positive test for GAD or ICA in a patient with clinical criteria of diabetes mellitus is consistent with a diagnosis of T1D. Thus, this scenario meets the criterion of no false positives.
Results
In the above example, there are 2 tests: GAD and ICA. 
Discussion
As illustrated by the preceding example of reflex testing offered by many commercial laboratories, a statistical methodology can be used to determine a cost-savings approach. Reflex testing is an important tool in providing cost-effective, quality health care. 9 An initial laboratory test is performed based upon probability of obtaining a meaningful result. Reflex testing occurs when the initial test result meets predetermined criteria (eg, positive or negative) and the primary test result is inconclusive without further testing. The laboratory automatically performs subsequent testing without an additional order by the clinician. Reflex testing often prevents the need for the collection of additional specimens and can help direct further confirmatory tests if necessary. Sequential testing is efficient and consistent with best medical practices; it also creates an opportunity for considerable material cost and time savings, and could improve patient satisfaction. In the above example, optimal cost savings would have occurred under scenario 1: All patients would have been initially tested with GAD, and then, GAD -patients could have undergone reflex testing for ICA.
We propose that this type of data-driven, cost-savings analysis could be usefully applied to any number of diagnostic problems. To avoid error, the computational component of this approach should be done by someone with statistical expertise, but once completed, these results would be useful in developing protocols, guidelines, or recommendations for diagnosis. 10 Ideally, providers would then utilize a methodological approach, rather than resort to shotgun testing, or their own idiosyncratic or experience-based practices. Such an approach could help reduce wasteful spending. This is especially important for health care institutions that receive fixed reimbursement based on All Patient Refined-Diagnosis Related Group. 11 Implementation of scenarios 1 and 2, cited above, would have resulted in savings of 2.9% and 1.4%, respectively, in a hospital that receives a fixed reimbursement for diabetes mellitus. While these savings may seem insignificant, testing costs are high and always increasing, and our institution admits close to 200 children with new-onset diabetes per year.
For simplicity, specificity was assumed to be perfect in the above example, so there was no point of administering a second test given that the first test was positive. Moreover, in clinical practice, multiple tests are often needed to rule out a variety of diagnoses. 7 Thus, this approach is not applicable to all testing scenarios. Future research may expand upon this study by deriving generalizable formulas to account for these other variables. However, practitioners may find it easier to adjust this simplified technique to account for scenario specific requirements (eg, X 1 and X 2 must both be positive for a diagnosis). Certainly, a health care provider, according to his or her own clinical judgement, may occasionally note case-specific information (eg, from the patient's medical records or from physical examination) that strongly suggests an alternate course of action is more appropriate, which should override any data-driven approach. 12 Even in such an event, the protocol may still prove useful for subsequent testing decisions.
Reflex testing should be used in conjunction with other initiatives to help reduce health care costs. This can be facilitated by an efficient laboratory-provider partnership that will ultimately benefit the patient. Although laboratory testing may only account for a fraction of the overall cost of health care, it represents a great opportunity for cutting down waste and improving workflow. In addition, examining evidence-based algorithms for laboratory testing can be the starting point for improving the overall treatment protocols and making the whole process more efficient and less expensive. Having cost-savings programs in place and increasing health care providers' awareness of test costs have been shown to be successful in lowering costs. 13, 14 When appropriate to deviate from existing protocols, being cognizant of the costs of alternative tests can motivate the health care provider to proceed in a cost-effective manner, while still providing quality health care.
Conclusion
In this article, we have developed a probability modeling method for developing algorithms that can improve efficiency, reduce physician ordering burdens, and reduce costs associated with laboratory tests. As an example, we compared a shotgun test ordering approach to a sequential test ordering approach, which we derived from this method, for T1D autoantibodies. In the best scenario, the probability model could attain savings of 37% compared to the shotgun approach. Although not applicable to all situations, we hope that this probabilistic approach can be applied to other laboratory testing situations to improve patient care by increasing efficiency and reducing unnecessary costs. LM
